Carbonatitic dykes surrounded by K-Na-fenites were discovered in the Pelagonian Zone in Greece. Their carbonate portions have an isotopic mantle signature of δ 13 C and δ
Introduction
Carbonatites are carbonate-rich magmatic rocks (e.g. Streckeisen, 1980) genetically linked to suites of alkaline rocks, in places ranging from ultramafitites to syenites (e.g. Egorov, 1970; Kogarko and Zartman, 2007) . Judging from their widespread presence in continental extensional settings (e.g. Woolley, 1989) , carbonatites are generally regarded as deep melts rising from the mantle (e.g. Wyllie, 1989) . Geochemical evidence of carbonatites in other settings such as ocean islands, transcrustal shear zones and subduction zones point to a similar mantellic origin (e.g. Rajesh and Arai, 2006; Walter et al., 2008; Woolley et al., 1991) . Intrusions and eruptions of carbonatites play an important role in the global carbon cycle (Patterson and Francis, 2013) because they are considered to vent the CO 2 stored in the mantle into the crust and the atmosphere (Coltice et al., 2004) . Their importance is mostly related to economic geology since they often contain high concentrations of rare-earth elements (REE; Cullers and Graf, 1984; Yang et al., 2011) .
Three petrogenetic models of carbonatitic magma generation have been proposed (see Jones et al., 2013 for a review): (i) Primary melts from low degree of partial melting of carbonated, hydrous peridotite (e.g. Falloon and Green, 1989) ; (ii) Differentiated melts from fractional crystallization in CO 2 -bearing silicate melts (e.g. Watkinson and Wyllie, 1971) ; (iii) Immiscible melts separated at depth from a CO 2 -saturated (e.g. Freestone and Hamilton, 1980; Kjarsgaard and Hamilton, 1988) but also CO 2 -undersaturated silicate melt (e.g. Brooker and Kjarsgaard, 2011) . Hybrid models have also been proposed (e.g. Kjarsgaard and Hamilton, 1988) . Carbonatites are geochemically characterized by high concentrations of light REE (LREE), Sr, Ba, and P (e.g. Nelson et al., 1988) . Alkali-rich (Na, K) carbonatites are rare (Woolley and Kjarsgaard, 2008) . Nevertheless, carbonatites are usually surrounded by alkaline metasomatic rocks (mostly Na-rich fenites) attesting that carbonatitic melts bear alkalis that they give off during cooling and crystallization (e.g. Kjarsgaard and Hamilton, 1988; Le Bas, 1981 . It is important to note that carbonatites show a considerable variation at different scales in modal mineralogy, and in major-and trace-element composition, depending on the stage of crystallization, melt or fluid segregation and percolation (e.g. Chen and Simonetti, 2013; Weidendorfer et al., 2016; Xu et al., 2011; Xu et al., 2015) . Many compositions may hence differ from those carrying diagnostic carbonatitic signatures. As a result, a complete examination taking into account carbonatites, associated alkaline suites and metasomatic country rocks is required to fully characterize carbonatites.
It follows that, identifying carbonatites in orogenic segments remains a challenge because of the tectonic fragmentation of the carbonatite-alkaline magmatic edifice and the effects of metamorphism and metamorphic fluids. In addition, metacarbonatites can have similar geochemical features to marble or deep-seated carbonate fluids (e.g. Le Bas et al., 2002) or skarn-related carbonates (e.g. Lentz, 1999) . In this study, we use a multi-disciplinary approach combining geology, structures, petrology, geochemistry (including isotopes) and zircon U-Pb geochronology to document the occurrence of a hitherto unidentified Permian carbonatite (now exposed as boudinaged carbonatitic dikes) intruded in the Variscan basement of Greece, which has been metamorphosed during the Cretaceous. Our discovery, along with consanguineous rocks of Lower Carboniferous age reported from localities nearby in Bulgaria (Dyulgerov et al., 2010) , demonstrates an important rise of the lithosphere-asthenosphere boundary in that part of Pangaea from the Lower Carboniferous to Triassic, and underscores the critical role of enrichment processes in preconditioning the continental lithosphere for rifting. Similar conclusions have recently been reached for the breakup of the North Atlantic Craton (Tappe et al., 2017) . All analytical methods and tables are described in the Appendix A.
Tectonic and geological setting
The study area is situated in the Hellenide mountain chain of NW Greece and refers to a carbonate-amphibolite-epidotite rock-association occurring in the Pelagonian Zone, in the footwall of the Axios/Vardar/ Almopias Zone (AVAZ) Suture (Fig. 1) . The Pelagonian Zone has a polymagmatic history recorded in its crystalline basement dominated by Permo-Carboniferous metagranitoids that intruded into Proterozoic ortho-and paragneisses and are intruded themselves by Permian and Triassic felsic and mafic dykes (Anders et al., 2006; Anders et al., 2007; PePiper, 1998; Reischmann et al., 2001; Schenker et al., 2014; Zlatkin et al., 2017) . In the studied area, fragmented, fossil-devoid mylonitic marbles rest on the gneissic basement (Fig. 1b) . Stratigraphic correlations with northwest Pelagonia suggest a late Palaeozoic to mid-Mesozoic age for this carbonate cover (Mercier, 1968; Mountrakis, 1986; Sharp and Robertson, 2006) testifying that Pelagonia was part of the PermianEarly Jurassic continental margin of the AVAZ basin and its seaways (Jacobshagen et al., 1978) . Pelagonia has been accreted to the hanging wall of the Tethys subduction zone during the Late Jurassic-Cretaceous (e.g. Ricou et al., 1998) between the External Hellenides to the southwest and the Rhodope Metamorphic Province to the northeast (Fig. 1) .
Structurally, the Pelagonian Zone is a wide, low-amplitude anticlinorium (Kilias et al., 2010) . Two regional thermo-tectonic events were identified (Nance, 1981; Schenker et al., 2015) : an early Cretaceous amphibolite-to greenschist-facies metamorphism (Lips et al., 1998; Schenker et al., 2014; Yarwood and Dixon, 1977) and an Eocene blueschist-facies metamorphism to the south (Godfriaux et al., 1988; Lips et al., 1998; Schermer, 1990; Schermer et al., 1990) .
Field occurrence and petrology
An association of amphibolite, epidotite and carbonate was discovered in the Pelagonian basement, structurally below mylonitic marble (Fig. 1b) . Phyllonites exhibiting top-to-the-SW shear bands occur between mylonitic marble and basement gneiss. The amphiboliteepidotite-carbonate rock association is wrapped by mylonitic gneisses, the whole lying within the regional main foliation. The gneisses are locally interlayered with micaschists. The studied carbonates were found within: (i) a ca. 200-m-long mafic boudin (Figs. 1b and 2a) , (ii) ca. 1-m-thick mafic dykes (Fig. 2b) and (iii) ca. 1-m-long mafic lenses. The carbonates are both truncating (Fig. 2a) and included as clasts (Fig. 2c) into the boudinaged carbonate-bearing mafic rocks, suggesting that the viscosities of both liquids were close to each other with local variations. In magmatic systems, such field observations argue in favour of a cogenetic relationship between the two magmas. These primary structures, in the mafic rocks, are partially preserved within boudins and dykes, where they were protected from later deformation expressed by the wrapping regional foliation. Apart from the local presence of a-few-mm-thick secondary carbonate veins crosscutting the mafic rocks and the regional foliation in the country rock, no similar carbonate rock was found in the surrounding gneiss. The late carbonate veins reflect percolation of post-magmatic, post-foliation fluids. These observations confirm that (i) the locally boudinaged mafic-carbonate rock association intruded into the gneissic basement as dykes and (ii) a chemically closed carbon system existed within the boudins, dykes and lenses, independent of magmatic/fluid processes that took place in the surrounding rocks.
Three end-member rock types were distinguished in the mafic layers: Amphibolite, epidotite and carbonates; they are described in detail below. Transitional rock types such as epidote-amphibolite, amphibole-epidotite, etc. were also observed. Mineral analyses are listed in Appendix B.
(i) Amphibolites Amphibolites (Fig. 2 , sample P12-004 and P12-031) contain amphibole (modal proportion 90-50 v.%), epidote (40-5 v.%), titanite (5-1 v.%), calcite (5-2 v.%) and fluorapatite (1 v.%) as main mineral phases; biotite and zircon are accessories. Amphibole is zoned and exhibits intergranular or poikiloblastic overgrowth including epidote, calcite and titanite. Epidote and epidote aggregates display metamict cores diagnostic of allanite. Rare, up to 10 cm long idiomorphic fluorapatite crystals are in textural contact with amphibole ( Fig. 2d ) and calcite. Titanite appears as idiomorphic inclusions in amphiboles and in calcite or as elongated aggregates in the matrix. Biotite occurs as inclusions in amphibole and in calcite. In one locality, the amphibolite contains a ca. 1-cm-thick layer of amphibole-paragonite-white mica schist attesting to the presence of alkalis segregated from the mafic rock portion (Fig. 2e) . The amphibole composition varies from tremolite in the rims to hornblende-edenite in the cores (Fig. 3a) . Sodium in the A site (Na A ,
i.e. the alkali site occupancy representing the temperature-sensitive edenite component) is higher in the core than in the rims (Fig. 3b) , reflecting either a more primitive Na-rich composition or growth during cooling or recrystallization/re-equilibration in a subsequent, lowertemperature thermal event. Amphiboles in carbonatites show a wide range of compositions and are not necessarily alkaline (Reguir et al., 2012) ; the composition of the core of the Pelagonian amphiboles plots between the composition of Ca-amphiboles of the Pinghe carbonatites and the Al-poor Ca-Na amphibole of the Afrikanda carbonatites. Epidote is characterized by a high FeO tot content (12.72-12.89 wt.%) without compositional zoning. Epidote, especially allanite, occurs frequently in old metamorphosed carbonatites (e.g. Moecher et al., 1997) .
(ii) Epidotites Epidotites (Fig. 2a , sample P12-033) are composed of epidote (95-50 v.%), amphibole (15-5 v.%), calcite (10-1 v.%), titanite (1-3 v.%), diopside (10-1 v.%), garnet (10-1 v.%) and biotite (1 v.%). Unidentified opaque minerals are accessories. Epidote forms a fine-grained, light-green matrix with patches of carbonate. Amphibole is either sub-idiomorphic showing poikiloblastic texture (including the epidote) or xenomorphic in epidote aggregates. Garnet cores include chromite and unidentified brown (in transmitted light) inclusions. Garnet, locally associated with diopside, shows minor zoning in Ca (grossular component from 0.48 to 0.57 mol%), Mg (pyrope component from 0.005 to 0.02 mol%) and Fe (almandine component from 0.22 to 0.32). The decreasing Mn content (spessartine component from 0.17 to 0.15 mol%) from core to rim indicates growth during heating (e.g. Spear et al., 1990) .
(iii) Carbonates
Carbonates (Figs. 2a, c and f, sample P12-005) contain amphibole, epidote, apatite (N4 mm), idiomorphic biotite and oxides as minor mineral phases. The carbonate shows mostly a coarse-grained inequigranularinterlobate texture that includes the other rock-forming minerals. Up to 1 cm-sized calcite grains exhibit straight twinning. Locally, the coarsegrained calcite exhibits a faint sectorial extinction suggesting that the texture actually seen grew over a fine-grained polygonal texture. Veins carbonates can form crystals up to 30 cm long exhibiting straight twinning.
Locally, between the mafic dykes and the gneisses, transitional rock types with metasomatic textures were observed (Fig. 3a) . Careful field inspection reveals, from the mafic boudin to the gneiss, the presence of: (i) an epidote amphibolite cut by a network of feldspar veins (sample P14-005, Fig. 3b) ; (ii) a white mica-amphibole-epidote-feldspar schist with white mica, amphibole and epidote forming a mineralogical layering (sample P14-004, Fig. 3c ) and (iii) a feldspar-chlorite-white mica-amphibole-epidote schist with a protomylonitic foliation defined by chlorite, white mica and amphibole (sample P14-003). A detailed structural and petrographic account of the Pelagonian basement, which consists of metagranitoids with minor amphibolites and migmatites, is given in Schenker et al. (2014) . Within approximately 100 m around the carbonate-amphibolite-epidotite association ( Fig. 1) , the country rocks show a large range of textures, from gneissic to schistose, depending on the mica content. The mineral assemblage comprises plagioclase, chlorite, white mica and quartz with local enrichments in plagioclase, paragonite, green amphibole and occasionally garnet and depletion of quartz. Rare idiomorphic feldspar and elongated mafic enclaves in the gneisses point to a granitoid protolith. Two types of schist were identified: (i) garnet-plagioclase-white mica-paragonite-chlorite schist and (ii) amphibole-chlorite-feldspar schist. The transition between gneisses and schists is usually gradual over 10-50 cm. In some schistose-gneissic rocks, feldspars form elliptic swarms (Fig. 3d ). Such swarms, the white mica-paragonite layer within the amphibolite (Fig. 2e ) and the white mica-amphibole-feldspar-rich layers (samples P14-003, P14-004 and P14-005) topping the dikes (Fig. 3a) are interpreted as the product of channelized alkaline fluids forming fenites. The schists represent either metasomatic rocks (e.g. metafenites) or metasediments. A single 20 cm leucocratic dike cuts the chemical layering of the fenites and refracts the main foliation attesting to a post-fenitization, pre-foliation intrusion.
About six (6) km east of the described amphibolite-epidotitecarbonate association, the gneissic basement is intruded by an andesitic dyke that displays a holocrystalline-porphyritic texture typical of subvolcanic intrusions. It is dated at 279 ± 8 Ma (sample 10-079, Schenker et al., 2014) and its alkaline geochemical signature will be re-interpreted in the light of the rocks described in this study.
Whole-rock and single-crystal geochemistry
Major-and trace-element abundances were measured at ETH Zurich using XRF and LA-ICP-MS techniques (see Appendix A). The mafic rocks (P12-004, P12-031, P12-033, 10-079), the carbonate (P12-005 = 0.038 wt%) and fenite sample P14-005 have all low alkali content (Na 2 O + K 2 O) and plot in the tholeiitic/subalkaline field in the TAS diagram (Fig. 4c) . By contrast, fenite samples P14-003 and P14-004 are enriched in alkalis and fall in the field of the alkaline series in the above diagram.
It should be noted, however, that the alkalis are mobile during metamorphism. On the other hand, the Nb/Y vs. Zr/TiO 2 diagram (Winchester and Floyd, 1977 ) is more efficient to discriminate between sub-alkaline and alkaline mafic rocks in metamorphic terrains because its construction was based on immobile elements (Pearce, 1996) . In this diagram, mafic rocks P12-004 and P12-033 plot in the alkaline basalt, P12-031 in the sub-alkaline basalt, 10-079, P14-003 and P14-004 in the andesite and P14-005 in the trachy-andesite fields (Fig. 4d) .
Chondrite-normalized REE profiles ( Fig. 5a ; subscript n denotes normalized values) of amphibolite P12-004, epidotite P12-033, andesitic dyke 10-079 and fenites P14-003, P14-004 and P14-005 show a gradual depletion from the LREE (La n~2 00-400) to the HREE (Lu n~1 5). Such concentrations and trends are diagnostic of alkaline rocks (e.g. Kampunzu and Mohr, 1991) . Amphibolite P12-031 has a similar trend but at much lower concentrations. Calcite and apatite (P12-005, P12-005C, P12-035 and P12-031P) display REE n profiles with antithetic trends compared to those of amphibolite, epidotite and the fenites, with low LREE n concentrations (La n~0 .1) and HREE n enrichment (Lu n~3 0). Compared to average carbonatite, calcite and apatite are very depleted in LREE n but similar in HREE n concentrations (Ho n to Lu n , Fig. 5a ). The observed Sm n anomaly in apatite corresponds to deepening of the slope between Nd n and Sm n in the REE n pattern of the amphibolite and epidotite (Fig. 5a ). Such antithetic trends were also found between calcite phenocrysts and carbonatites from Spitskop, South Africa (Ionov and Harmer, 2002) and Brava Island, Cape Verde (Weidendorfer et al., 2016) . According to the latter authors, carbonates from carbonatites with such LREE-depleted patterns could result from fluid-assisted carbonate recrystallization, linked either to fluid saturation in the final stage of crystallization or to an overprint by metasomatic fluids during fenitization. Importantly also, the recent experimental study of Song et al. (2016) on REE partitioning between hydrous fluids and carbonatitic melts at 700-800°C and 0.1-0.2 GPa has shown the strong preference of REE to the melt (fluidmelt D values of individual REE vary from 0.02 to 0.15 with D Lu f/m being larger than D La f/m by a factor of 1.1-2), further suggesting that the REE-poor calcites may have precipitated from late-stage hydrous fluids in equilibrium with a carbonatitic melt. Such carbonate rocks (that form a continuum with primary magmatic carbonates and are associated with sodic peralkaline syenites) resemble the carbonatite group termed "carbothermal residua" by Mitchell (2005) . Similarly to the calcites discussed above, fluorapatites exhibiting a depletion in LREE n with respect to HREE n were observed in late-stage/hydrothermal carbonatites (Chakhmouradian et al., 2017) . Apatite preferentially incorporates the middle REE (including Sm) during fractionation from a carbonatitic melt (Klemme and Dalpé, 2003) . This could explain the positive anomaly of Sm n and Eu n in the apatites. Moreover, diffusion experiments on trace elements between immiscible carbonatitic and silicate melts have shown that enrichment of the carbonate liquid in REE occurs at P N 0.6 GPa (Hamilton et al., 1989) . It is therefore possible that the overall low REE abundances and the LREE n -depleted pattern in the Pelagonian carbonates can be due to late-stage liquid immiscibility and crystallization of a silicate and a carbonate at P b 0.6 GPa. MORB-normalized multi-element profiles for the rocks under discussion are depicted in Fig. 5b . Reference to this figure shows an enrichment in LILE n and Th n for the amphibolites, the epidotites, the andesitic dyke and the fenites. Barium is particularly concentrated in fenites P14-003 and P14-004 reaching values as high as ca. 0.3 wt%. Amphibolite P12-004 and epidotite P12-033 show high Nb n and Ta n values, typical of within-plate basalts. Elemental concentrations then decrease gradually from La n to Yb n . This negative trend coupled with low Y n and HREE n values suggest that samples P12-004, P12-033 and 10-079 were sourced from garnet-bearing peridotite (Kostopoulos and James, 1992) . However, andesitic dyke 10-079, amphibolite P12-031 and fenites P14-003, P14-004 and P14-005 show a negative Nb n -Ta n anomaly. The calcite crystal shows a U-shaped trace element pattern with an enrichment in Ba n . Comparable, low-concentration, trends were found in late-stage Cape Verde carbonatites (Weidendorfer et al., 2016 ).
The geochemical signals described above ( Fig. 5a and b) are compatible with late-stage carbonatites that evolved from fractionation and subsequent melt immiscibility (Weidendorfer et al., 2016) . It is commonly argued that the primary melts are silica-dominated and exsolved their carbonate components late within the shallow lithosphere (e.g. Tappe et al., 2017) . We suggest that the alkalis and LREE liberated from the carbonate rock portions during late, fluid-assisted, recrystallization (Weidendorfer et al., 2016) and/or during later metamorphism were taken up by the fenites. Fenites differ from the carbonate-mafic association by lower Nb-Ta and higher Rb-Ba concentrations.
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Powders of six carbonate samples from different hosts and textural positions were analysed for carbon and oxygen isotopes using a ThermoFisher GasBench at ETH Zurich. These are: calcite crystal P12-005 from the carbonate dyke shown in Figs. 1 and 6a ; interstitial carbonates from amphibolite P12-004 (Fig. 2a) and epidotite P12-033; carbonate P12-034 in a vein with syntaxial growth of amphiboles (Fig. 6b) ; white carbonate vein P13-100 cutting mafic rocks and the main foliation in the country rock and marble 09-014 covering the Pelagonian basement (Fig. 1b) . The marble sample shows δ (Fig. 6c, d ) plot in the range of the Oka carbonatites (Canada, Deines, 1967) , close to values of carbonatites included in the siliceous intrusion (Fig. 6d) . The calcite (Winchester and Floyd, 1977) . This diagram originally designed for volcanic rocks is commonly used to discriminate between sub-alkaline and alkaline mafic rocks in metamorphic terrains (Pearce, 1996) , since the discriminating elements are not mobilized by metamorphism.
crystal from the carbonate dyke yielded average values of −5.45 ± 0.03 for δ Carbon (δ 13 C) and oxygen (δ 18 O) isotopic compositions similar to those described above are observed in skarn/contact metamorphic carbonates due to magmatic or meteoric fluid infiltration (Fig. 6c , e.g. (2011), respectively. Apatite P12-035 is in textural contact with calcite and apatite P12-031P with amphibole. P12-005C has been measured directly on the calcite crystal. (Sharp, 2007) , skarn and contact metamorphic carbonates (Baumgartner and Valley, 2001 ) and carbonatite (Deines, 1967) . The C mantle values are from peridotite diamonds (Deines, 1980) and O mantle values from the Oka terrain (Harmon and Hoefs, 1995). Baumgartner and Valley, 2001 ). In such an environment, the δ 13 C and δ 18 O isotopic values of the country-rock carbonate decrease to carbonatitic values with proximity to the intrusion (shift from 0 to −6 ‰ for δ 13 C and from 22 to 10 ‰ for δ
Fig. 6. Field aspects of analysed calcite ((a) and (b)) and analysed O and C isotopes on carbonates in different rock types and textures ((c) and (d)). Boxes show typical values for marbles
18
O within 10 m distance from a 0.5-1 m thick gabbro dyke of the Adamello intrusion; Baumgartner, 1986; Baumgartner and Valley, 2001) , whereas the heterogeneity of the values increases (e.g. variability of~10‰ for δ 18 O in the southern Alta contact aureole, Cook et al., 1997) . By contrast, the calcite crystals from the carbonate dykes we presented here showed minor variability in δ 13 C and δ 18 O values in all textural contexts demonstrating that there was minimal lateral variation and internal fractionation during the emplacement process. Furthermore, the absence of (i) a metamorphic aureole in the country rock and (ii) of siliceous dykes in the mylonitic marble that could have generated skarn metasomatism ( Fig. 1) O values of the slow diffuser mineral (zircon) at conditions below its closing temperature during a low-temperature event while the fast diffusing mineral is dominant (calcite, Eiler et al., 1992) . This magmatic δ
O composition above the typical mantle values (Fig. 7b) , the morphology of zircons with internal magmatic zoning and carbonate inclusions suggest together that the zircons crystallized from a carbonatitic melt and are not clasts from the mantle.
U-Pb geochronology on zircons
The same zircons from sample P12-031 were dated with a SHRIMP II at VSEGEI, Saint-Petersburg, Russian Federation. Three inclusion-free, dark zircon cores yielded concordant U-Pb ages at 279 ± 2 Ma and 13 pale zircon domains yielded mean ages of 118 ± 4 Ma (Fig. 7b) . Thorium/uranium (Th/U) ratios of all measurements vary in the dark cores between 0.09 and 0.53 and in the pale domains between 0.002 and 0.016. The latter low Th/U values are generally indicative of metamorphic zircon domains (e.g. Teipel et al., 2004) , suggesting that the core ages record Permian intrusion and the rims Cretaceous metamorphism already corroborated in the area by U-Pb, Rb-Sr, and Ar-Ar dating (Lips et al., 1998; Schenker et al., 2014; Schermer et al., 1990; Yarwood and Dixon, 1977) .
Sr and Nd isotopes
Sr and Nd isotopes on calcitic vein P12-005, an apatite of Fig. 2d Sr ratio of most younger orthogneisses (Schenker et al., 2014) . Especially in carbonatebearing rocks, the mobility of Sr is expected to be more pronounced since Sr diffusion in calcite is 2-3 orders of magnitude faster than it is in feldspars (Cherniak, 1997) . As a consequence, the Rb-Sr isotopic signal is neither used for melt provenance analysis nor for geochronology. As an exception, the less metasomatized andesitic dyke has preserved a more mantle-like (Fig. 8a) . Concentrations of Nd isotopes in the carbonate sample were below the detection limits. No isochron could be drawn between the cogenetic amphibolites, epidotites and apatites (Fig. 8a) , suggesting that the Sm-Nd isotopic system was either in disequilibrium during primary emplacement or has been partially reopened during metamorphic overprint. In addition, andesitic dyke 10-079 does not conform to an isochron with the maficcarbonatic rocks (Fig. 8a) .
Epsilon Nd values (ɛ Nd(t) ; DePaolo and Wasserburg, 1976) of amphibolites, epidotites, apatites and andesite calculated at the time of the intrusion (279 Ma) range between −1.33 and 4, and fall in the global carbonatite field (Fig. 8b) . Pelagonian magmatism younger than ca. 310 Ma ( Fig. 8b ; Schenker et al., 2014) shows a shift in ɛ Nd values from typical crustal (ɛ Nd(301 Ma) = −7.33) to primitive mantle levels (ɛ Nd(279 Ma) = −1.33,~0 and 4 in the andesitic dyke, mafic rocks and apatite respectively). Thereafter, in the Lower Triassic, ɛ Nd values decreased in both mafic and felsic rocks, probably due to crustal contamination, to rise again to mantle values in the Jurassic. This 300-to-175 Ma evolution of ɛ Nd in Pelagonian magmatism is attributed to a continuous melt contribution from the rising asthenosphere that destabilized the continental lithosphere in the Permian, promoted initiation of continental rifting in the Triassic and led to the development of an ocean in the Jurassic. The fluctuations in ɛ Nd towards negative values are interpreted as crustal contamination (migmatitic melts in response to asthenospheric upwelling; see Schenker et al., 2012) .
Discussion
Real carbonatites?
The coeval intrusion of distinct carbonatitic and mafic liquids into the crystalline basement of the Pelagonian Zone is demonstrated by field and textural relationships between the carbonatic and the mafic rock portions and gneissic country rocks. These observations invalidate other scenarios such as a skarn-type metasomatism or carbonate-bearing magmatic xenoliths. Carbonatites are generally characterized by their typical geochemical imprint consisting of (i) a spatio-temporal association with alkaline suites, (ii) fenitization of the country rocks and (iii) high concentrations of LREE, Sr, Ba, and P. The newly discovered carbonatitic dykes are indeed coeval with other silicate rocks with an alkaline geochemical signature (andesite 10-079) intruded during the early Permian in the Pelagonian basement. In addition, the country rock around the carbonate-mafic dykes was impregnated by channelized alkaline fluids forming fenites that attest to the alkalinity of the parental melt. Fenites forming at shallow depth due to the high reactivity of carbonatitic liquids with their wall-rocks are probably one of the most important features in defining carbonatites (Le Bas, 1989) . In the Pelagonian case, the usually high concentrations of LREE and Sr were not observed in the carbonate or the mafic rock portions. High concentrations of Ba (0.3 wt%) in the fenites are probably taken up from the alkaline-carbonatitic fluid. Phosphorus is incorporated in large apatite crystals implying high bulk P concentrations. However, because of the size of the apatite crystals (up to 10 cm), whole-rock P concentrations are difficult to estimate. Regarding the low LREE concentrations, it is worth mentioning that not all carbonatiticalkaline complexes have unusually high REE concentrations; moreover, REE concentrations can change within individual carbonatitic-alkaline complexes. In this view, a comparison with late-stage carbonatites from Cape Verde (Weidendorfer et al., 2016) and Central Anatolia (Cooper et al., 2011) suggests that the antipathetic REE n trends between carbonatic and alkaline mafic rock portions of the Pelagonian dyke result from late-stage liquid immiscibility and crystallization. The alkaline parental melt of these liquids may have already been depleted in REE due to previous fractional crystallization (Xu et al., 2010; Chakhmouradian et al., 2016) .
The Pelagonian carbonatitic dykes have been metamorphosed at greenschist-facies conditions as manifested by the tremolitic rims on Na-rich amphibole cores in the mafic rocks and by the chlorites in the fenites. The amphibole cores may preserve a carbonatitic composition comparable to the Ca-amphiboles of the Pinghe carbonatites and the Al-poor Ca-Na amphibole of the Afrikanda carbonatites (Reguir et al., 2012) . The metamorphism further complicated an already complex intrusive scenario of immiscible carbonate and silicate melts and metasomatism. It is indeed difficult to quantify the effect of metamorphism on the chemical signature of these late stage-carbonatites, especially with regard to the isotopes used in magmatic provenance analysis.
The absence of carbonate in the country rocks and the minor variation in the δ 13 C and δ 18 O composition of carbonates from different structural and textural positions both suggest that the carbonatesilicate association acted as a closed system, at least for these elements. At the grain scale, metamorphism brought about local resetting of the zircon O and U-Pb isotopic systems, thus allowing the estimation of the timing of the greenschist metamorphic overprint. This comes into contrast with the experimentally-determined high closure temperatures (N700°C) for both isotopic systems in zircon (e.g. Watson and Cherniak, 1997) . Interestingly, the U-Pb system of zircons in metacarbonatites from the southern Cordillera of British Columbia appears to have reopened below its closure temperature at amphibolite-facies metamorphic conditions between 540°and 730°C (Millonig et al., 2013) . Hence, the U-Pb isotopic system in zircons seems to be sensitive to carbonatitic, alkali-and/or F-rich fluids (Keppler, 1993 Sr ratio of carbonatites, mafic rocks and metagranitoids to more crustal values therefore, these isotopes are not used for provenance analysis (Schenker et al., 2014) . Certain rocks apparently not affected by metasomatism, for example the andesitic dyke, have retained primitive 
Transtensional carbonatites
The primitive ɛ Nd , δ 13 C and δ
18
O values of the Pelagonian late-stage carbonatites (Fig. 9 ) strongly indicate that they originated either from a depleted or a deep mantle source in rift settings and not from a mantle source in a subduction-zone environment (see also Vladykin, 2016 ). This conclusion is in agreement with an increase of mantle-related, Pelagonia zone according to Schenker et al. (2014) . ɛNd(t) calculated for the age t of the intrusions. ɛNd(t) compared with carbonatite values worldwide (Bell and Blenkinsop, 1989) .
primitive melts in the Pelagonian magmatism from 300 to 175 Ma and the absence of Late Carboniferous accretionary complexes, blueschists or eclogites, and deep forearc basins in the Balkans. We suggest that these alkaline-carbonatitic rocks intruded within transtensional segments of the recognized, wide intra-Pangea dextral wrench system (Arthaud and Matte, 1977; Muttoni et al., 2009 ).
Conclusions
C-and O-mantle signatures in carbonates associated with alkali amphibolites and metafenites support the carbonatitic protolith of these metamorphic rocks in the Pelagonian Zone in NW Greece. Mantle carbonates (δ 13 C of −5 ‰ vs. VPDB) and alkali basaltic liquids (with high Nb n -Ta n and ɛ Nd values) were intruding contemporaneously as documented by carbonates truncating and being incorporated in both amphibolites and epidotites within boudinaged dykes. The REE n antithetic trends between mafic rocks and carbonates/apatites further witness their complementarity during late-magmatic liquid immiscibility and fluid-assisted recrystallization. Low REE n and relatively high Ba n concentrations are found in extremely differentiated carbonatites (Weidendorfer et al., 2016) . Channelized alkaline fluids penetrated into the country rock forming fenites and attesting to the alkalinity of the parental melt. The intrusion age is dated by concordant magmatic zircon cores at 279 ± 2 Ma.
The gradual increase of ɛ Nd in the studied magmatic rocks through time (from 300 to 175 Ma) reflects an increase of mantle-derived magmas sourced from the mantle upwelled below the Pelagonian zone. The 279 ± 2 Ma-old alkaline-carbonatitic melts intruded within transcurrent segments of a wide intra-Pangaea dextral transform (the Pangaea B model, Arthaud and Matte, 1977; Muttoni et al., 2009 ). These melts suggest preconditioning of the sub-Pelagonian lithosphere for rifting since the Lower Permian. The possible role of subduction of the Palaeotethys Ocean beneath Laurussia (e.g. Candan et al., 2016; Stamfli and Kozur, 2006) in the genesis of the Pelagonian carbonatites is unclear. Metamorphic zircon ages at 118 ± 4 Ma date the greenschist-facies thermal event during collision of the Pelagonian Zone with the Eurasian margin (Schenker et al., 2014) .
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Appendix A. Methods
XRF analysis
Whole-rock XRF analyses were performed on fused disks using a Panalytical Axios wavelength dispersive spectrometer (WDXRF, 2.4 KV) at ETH Zurich. Samples were ground to fine powder in an agate mill and mixed with lithium tetraborate at 1:5 ratio and molten to homogenous glass disks. The spectrometer is set up for 12 major and minor elements (SiO 2 , TiO 2 , Fe 2 O 3 , MnO, MgO, CaO, Na 2 O, K 2 O, P 2 O 3 , Cr 2 O 3 , and NiO) and 19 trace elements (Rb, Ba, Sr, Nb, Zr, Hf, Y, Ga, Zn, Cu, Co, V, Sc, La, Ce, Nd, Pb, Th, and U).
WDS the electron microprobe JEOL-8200
Mineral compositions were measured using WDS the electron microprobe JEOL-8200 (5 spectrometers) at ETH Zurich. Operating conditions for spot analyses were 15 kV accelerating voltage, 20 nA sample current, 40 s peak and 20 s background counting time and beam size of b5 μm. Natural and synthetic standards were used for standardisation. Minerals were analysed for SiO 2 , TiO 2 , Cr 2 O 3 , Al 2 O 3 , FeO, MnO, MgO, CaO, Na 2 O, and K 2 O. Amphibole data were recalculated from analyses in weight percent according to Dale et al. (2005) .
LA-ICP-MS
Trace elements were measured at ETHZ with Laser AblationInductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) on fused XRF pills calibrated without matrix-matched standards (Günther et al., 2001) . Measuring time per spot was about 1 min and used energy density was 15 J/cm 2 at a frequency of 12 Hz. For each pill we analyzed 3 spots (90-120 μm diameter). CaO and SiO 2 values of XRF measurement were used as internal standards and calibrated against the NIST 610 for the data correction with SILLS. The expected measuring error is~2% close to detection limit and even smaller in higher concentrations.
ThermoFisher GasBench
The isotopic composition of carbonate was measured according to the method described in detail in Breitenbach and Bernasconi (2011) . Approximately 100-200 μg of powder were filled in 12 ml Exetainers (Labco, High Wycombe, UK) and flushed with pure Helium. The samples were reacted with 3-5 drops of 100% phosphoric acid at 70°C with a ThermoFisher GasBench device connected to a ThermoFisher Delta V mass spectrometer. The average long term reproducibility of the measurements based on replicated standards was ±0.05‰ for δ 13 C and ±0.06‰ for δ 18 O. The instrument is calibrated with the international standards NBS19 (δ 13 C = 1.95 and δ 18 O = −2.2‰) and NBS18 (δ 13 C = −5.01 and δ 18 O = −23.01‰).
The isotope values are reported in the conventional delta notation with respect to VPDB (Vienna Pee Dee Belemnite).
Sr/Nd chemistry
Samples were analysed for Sr and Nd isotopes on powdered bulk samples. Samples were dissolved in HF (3 mL) and HNO 3 (1 mL) for 5 days in Teflon beakers at 180°C. This process was repeated after evaporation. Solutions were analyzed with thermal ionization mass spectrometry using a Triton plus multicollector spectrometer. Standards were National Bureau of Standards (NBS) 987 (0.710234 ± 4) for Sr and Nd i (0.512100 ± 3) for Nd.
SHRIMP II
In situ U-Pb analyses on zircons were performed with a SHRIMP II in the Center of Isotopic Research (CIR) at VSEGEI, SaintPetersburg. We applied a secondary electron multiplier in peakjumping mode according to the procedure of Williams (1998) and Larionov et al., 2004 . The primary O 2− beam was ca. 27 x 20 μm in size. The results have been post-processed with the SQUID v1.12 (Ludwig, 2005a) and ISOPLOT/Ex 3.22 (Ludwig, 2005b) softwares using the decay constants of Steiger and Jäger (1977) . The ages were presented on Concordia (Wetherill, 1956 ) and TeraWasserburg (Tera and Wasserburg, 1972) diagrams. Uncertainties given for individual analyses (ratios and ages) are at the 1σ level; the uncertainties in calculated Concordia ages are reported at the 2σ level.
The pale zircon zonings were characterized by very low concentration of uranium (1-39 ppm) producing ages with large uncertainties. Because of the low concentrations, common Pb was corrected by assuming 
SIMS analytical conditions
The 18 O/ 16 O ratios on zircons were measured using a Cameca IMS 1280HR at the Institute of Earth Sciences of the University of Lausanne (Switzerland). We used a 10 kV Cs+ primary beam, a~2 nA current, resulting in a~10 μm beam size. The electron flood gun, with normal incidence, was used to compensate charges. 16 O and 18 O secondary ions, accelerated at 10 kV, were analyzed at 2400 mass resolving power and collected on faraday cups (10 10 and ohms, respectively) in multi-collection mode. Faraday cups are calibrated in the beginning of the session, using the calibration routine. Mass calibration was performed at the beginning the session, which lasted less than 3 h. Each analysis takes less than 4 min, including pre-sputtering (30 s) and automated centering of secondary electrons. This setting allowed an average reproducibility of 0.3‰ (2 standard deviations (SD)) on a Temora zircon reference material (Black et al., 2004) and statistical internal error on a single measurement from 0.12 to 0.26‰ (2 standard error (SE)).
